Self-reactive T cells with low signalling capacity through the T-cell receptor were recently observed in the SKG mouse model of rheumatoid arthritis (RA) and have been linked to a spontaneous mutation in the ZAP-70 signal transduction molecule. Here we hypothesize that similar mechanisms also drive RA, associated with an abnormal innate and adaptive immune response driven by nuclear factor-κB activation and tumour necrosis factor secretion. Similar to the essential role played by pathogens in SKG mice, we propose that HLA-associated immunity to chronic viral infection is a key factor in the immune dysregulation and joint inflammation that characterize RA.
Introduction
In 1996, Thomas and Lipsky [1] proposed a model for rheumatoid arthritis (RA) pathogenesis in which endogenous self-antigens were presented by activated peripheral dendritic cells (DCs) to autoreactive T cells that had escaped thymic selection. Synovial DCs were shown to be activated, probably as a consequence of proinflammatory signals derived from the RA joint environment, including cytokines and T-cell derived CD40 ligand [1, 2] . The model stemmed from observations that autologous peripheral blood T cells proliferated strongly in vitro in response to RA synovial DCs presenting endogenous antigenic peptide (known as the autologous mixed lymphocyte response). At that time it was unclear how T cells with the capacity to respond strongly to self-antigen might escape thymic deletion and enter the peripheral repertoire. However, the subsequent discovery by Sakaguchi and colleagues [3] of a spontaneous mouse mutant, known as 'SKG', which developed inflammatory arthritis resembling RA, has provided a possible mechanism.
Thymic selection and the predisposition to autoimmunity
Central (or thymic) tolerance defects are important and probably essential contributors to spontaneous autoimmune disease [4] . T cells are selected in the thymus according to their affinity for self-MHC (major histocompatibility complex) bearing endogenous self-antigens displayed by the thymic cortical epithelial cells. Negative selection then deletes those T cells that are reactive to self-antigen above a threshold of affinity for self-antigen/MHC complexes expressed and presented by medullary antigen-presenting cells (APCs), notably medullary epithelial cells and medullary DCs [5] .
In the medulla, medullary epithelial cells express the highest levels of autoimmune regulator (AIRE), a transcription factor that controls the expression of peripheral tissue antigens. In the absence of AIRE, glandular (salivary and lacrimal glands, liver, pancreas and thyroid) organ-specific autoimmunity develops [6] . Interestingly, neither mice nor humans with AIRE mutations develop autoimmune arthritis, possibly because AIRE does not directly regulate the expression of joint-specific self-proteins in the thymus.
Medullary DCs have also been shown to delete self-reactive T cells in the thymus in experimental settings [7] , but abnormalities in these cells have not yet been implicated in any spontaneous autoimmune model. Although the spectrum of self-antigen presentation by medullary DCs is unknown, they can capture antigen from peripheral tissues -presumably including synovial joints -and delete self-antigen-specific thymocytes in the medulla.
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Although an affinity threshold applies for central deletion of self-reactive T cells, this threshold varies according to the susceptibility of thymocytes to death and the capacity of the T-cell receptor (TCR) and downstream pathways to transmit an activation signal. Moreover, the efficiency of self-antigen presentation depends on the ability of thymic APCs to process and present self-antigen, and the density of MHC and co-stimulatory molecules on the APC surface.
A number of well established spontaneous animal models of autoimmunity are characterized by defects in the normal process of either positive or negative selection, thus permitting the entry of autoreactive T cells into the peripheral repertoire. In the periphery, subsequent genetic or environmental proinflammatory events more readily trigger the activation of these T cells, and thus the development of autoimmune disease [8] . Does this scenario fit the SKG RA model or human RA itself?
TCR signalling is dramatically attenuated in the SKG mouse model of spontaneous arthritis. This is due to a mutation in the SH2 domain of the gene encoding ζ-associated protein of 70 kDa (ZAP-70), a TCR proximal protein tyrosine kinase that is essential for T-cell activation after the TCR engages antigen [3] . Experiments using TCR transgenic mice show that high-affinity self-reactive T cells escape negative selection in these mice. At the same time, defective TCR signalling also attenuates positive selection, reducing the peripheral T-cell pool compared with wild-type mice (Figure 1 ). The abnormal peripheral T-cell repertoire, comprising a higher proportion of self-reactive T cells than in wild-type mice, is demonstrable ex vivo, because peripheral SKG T cells incubated with autologous APC proliferate vigourously in spite of the ZAP-70 mutation, and secrete IL-17 in the autologous mixed lymphocyte response [9] . SKG mice develop spontaneous rheumatoid factor (RF)-positive inflammatory arthritis, resembling RA in patients, when housed in a conventional animal facility where environmental pathogen exposure might occur at low levels. Conversely, in a microbiologically clean facility, mice do not develop joint disease, although RF and other autoantibodies are still detectable [3, 9] .
In an elegant follow-up study, Sakaguchi and coworkers [9] showed that subclinical fungal infection is predominantly responsible for the inflammatory signals that drive spontaneous joint disease in SKG mice. β-Glucan molecules derived from the fungal cell wall signal through the dectin-1 cell surface C-type lectin receptor on the cell surface of antigen-presenting DCs. Reis e Sousa and colleagues [10] demonstrated that signalling of murine DCs though the dectin-1 receptor promotes the secretion of proinflammatory cytokines, including IL-6, tumour necrosis factor (TNF) and IL-23, but little IL-12. In SKG mice, such DCs activated by dectin-1 promote the in vitro and in vivo differentiation of CD4 + T-effector cells secreting IL-17 [9] . Lymphopenia may be an important contributor to the self-reactive response in this case because it promotes homeostatic proliferation of effector T cells, similar to that demonstrated in other autoimmune models [11, 12] .
T-cell phenotype and function
CD4 + SKG T cells in the periphery exhibit a phenotype characteristic of antigen-experienced, post-activated cells, as are typically observed in autoimmune arthritis. There are increased proportions of CD44 hi , CD25 + , CD69 + , OX40 + and CD45RB dim cells, as compared with the proportions in wild-type BALB/c littermates [3] . When adoptively transferred to lymphopenic hosts, SKG T cells proliferate just as efficiently as wild-type T cells [9] . Although both SKG and wild-type T-cell subsets produce similar proportions of T-helper-17 and T-helper-1 effectors under these conditions, SKG T cells are more strongly self-reactive than wild-type T cells [9] .
Another murine model of spontaneous inflammatory arthritis that fits this paradigm was reported very recently. In the F 1 progeny of BALB/c mice containing both haemagglutin antigen (HA)-specific TCR-transgenic CD4 + T cells and HA driven by a MHC class II-specific promoter (known as TS1×HACII mice) [13] , high-affinity HA-specific T cells are negatively selected in the thymus, but low-affinity HA-specific T cells bearing low levels of cell surface TCR expand in the periphery over time. Similar to SKG T cells, these CD4 + T cells exhibit a post-activated memory phenotype, with low proliferative capacity but high capacity for cytokine production in response to antigen stimulation ex vivo. The mice develop a T-cell-dependent and B-cell-independent peripheral arthritis, pneumonitis and cardiac inflammation from around 6 weeks of age, with a gradual progression in severity. The disease phenotype is similar to other spontaneous arthritis models (but unlike autoimmune models in which AIRE is deficient), which lack endocrine or glandular multi-organ inflammatory pathology.
It is striking that autoantigen-experienced memory CD4 + cells with low TCR signalling capacity are particularly associated with autoimmune arthritis. However, the relative joint specificity arising from immunity toward an antigen whose expression is not joint restricted is puzzling. We speculate that the capacity of such T cells to secrete relevant cytokines (including IFN-γ, IL-17 and TNF [13] ), in concert with tissuespecific homing properties, might underlie the induction of arthritis. The extent to which joint stromal cells (including synovial fibroblasts) are exquisitely sensitive to cytokine stimulation, as compared with stromal cells from other tissues, remains a matter of debate.
In RA, antigen-experienced synovial T cells, with a similar CD45RB dim phenotype to SKG T cells, have an acquired TCR signalling deficiency. We previously showed that synovial T cells proliferated poorly and secreted low levels of IL-2 in vitro [14] . The reduced T-cell proliferation seen in RA is also associated with reduced TCR signal intensity, reduced calcium signalling and reduced expression of TCR-ζ. It has been shown that TCR-ζ chains are either not expressed or lack phosphorylation in RA synovial fluid T cells. TCR-ζ chain Available online http://arthritis-research.com/content/10/4/210
Figure 1
Pathogenesis of inflammatory arthritis. (a) The SKG model and (b) a model for rheumatoid arthritis (RA) suggested by the skg mouse. As a result of altered thymic selection, the peripheral T-cell repertoire responds to self-antigen with higher affinity compared with the healthy situation, facilitating self-specific activation and population of the periphery with post-activated memory T cells. These T cells produce proinflammatory cytokines and provide efficient help for autoantibody production, but they have limited capacity for infection control. Antigen-presenting dendritic cells (DCs) are activated directly by fungal β-glucans (panel a) or indirectly through T cells or proinflammatory cytokines (panels a and b). ACPA, antibodies to citrullinated protein; CTL, cytotoxic T lymphocyte; EBV, Epstein-Barr virus; IFN, interferon; IL, interleukin; RF, rheumatoid factor; TCR, T-cell receptor; TNF, tumour necrosis factor; WT, wild-type. expression levels correlated with RA T-cell responsiveness [15] . We previously defined populations of TCR-ζ dim T cells in peripheral blood with characteristics of prior antigen experience, based on cell surface phenotype, cytokine expression and migratory competence [16] . In chronic inflammatory diseases (for example, RA and systemic lupus erythematosus) it has been proposed that an inflammatory milieu contributes to reduction in TCR-ζ expression in antigenexperienced T cells. Inflammatory factors that could contribute to this process in predisposed individuals include nutrient depletion, increased expression of reactive oxygen intermediates such as H 2 O 2 , and induction of stress pathways [17] . Genetic, acquired and age-related factors could thus contribute to a state of chronic TCR signalling deficiency in RA.
In contrast, IFN-γ and IL-17 production by RA T cells appears to be spared [16, 18, 19] . In addition, synovial T cells potently induce B cells to secrete autoantibodies [14] and activate synovial macrophages, DCs and resident stromal cells. These cells, in turn, express inflammatory cytokines and chemokines through cell contact-dependent mechanisms [20] . Thus, in spite of their TCR signalling deficiencies, synovial T cells can promote chronic inflammation within the synovial lesion, stimulating B cells, and promoting macrophage and DC activation and robust secretion of cytokines. Beyond these acquired signalling defects, is there any evidence that low TCR signalling capacity might precede RA?
Genetic provocation of autoreactive T cells with low TCR signalling capacity
The primary genetic defect in the SKG autoimmune arthritic mouse model is a point mutation in the TCR proximal protein tyrosine kinase ZAP-70. This mutation does not alter ZAP-70 expression, but nevertheless it dramatically reduces the affinity of the carboxyl-terminal SH2 domain of ZAP-70 in binding phosphorylated tyrosine residues in the immunoreceptor tyrosine-based activation motif (ITAM) modules of the TCR-ζ chain [3] . This mutation can therefore entirely account for the thymic selection shift and the generation of a repertoire of autoreactive T cells with a high avidity for selfantigen/MHC complexes in SKG mice. However, the question arises as to whether there are similar (or functionally related) mutations in RA.
To date, no allelic variants of the human ZAP70 gene have been described in association with RA or in association with any other known immune-mediated inflammatory disease. In contrast, attention has recently focused on elucidating the function of the PTPN22 gene that encodes a protein tyrosine phosphatase called LYP (lymphocyte tyrosine phosphatase) [21] . The R620W variant of this gene is, somewhat unexpectedly, a gain-of-function mutant that reduces TCR signalling capacity. Functional data from healthy donors homozygous or heterozygous for the R620W mutation confirm that peripheral blood T cells are hyporesponsive to antigen receptor stimulation. This polymorphism would thus be predicted to impair positive and negative selection of autoreactive T cells [22, 23] . Within the context of SKG and RA T cells, it is interesting that carriage of the variant allele was also associated with reduced IL-10 production and an increase in the numbers of CD4 + memory T cells, potentially associated with increased self-reactivity. Expression of TNF-α and IFN-γ was unaffected [23] . As a result of altered thymic selection, this phenomenon might arise through increased intrinsic responsiveness and augmented generation of effector T cells that recognize endogenous self-peptides presented by APCs in vivo. A complementary possibility is that gain-offunction PTPN22 mutants suppress TCR signalling in natural regulatory T cells and thus impair peripheral tolerance. RA has also been associated with single nucleotide polymorphisms (SNPs) in the MHC class II transactivator gene (MHC2TA). These SNPs are predicted to reduce the efficiency of self-antigen presentation by APCs in the thymus and periphery, with effects on the T-cell repertoire similar to those associated with PTPN22 R620W [24] . These alterations in the repertoire of healthy individuals with PTPN22 R620W suggest that a low TCR signalling capacity may predispose otherwise healthy individuals to RA, just as SKG mice are predisposed to (but do not develop) arthritis in the absence of infection.
Presentation of self-antigen to autoreactive T cells promoting rheumatoid arthritis depends on activation of dendritic cells
Activated DCs play several roles in autoimmune arthritis. They serve as APCs for T-cell priming, as accessory cells in the generation of primary antibody responses, and as producers of proinflammatory cytokines (alongside synoviocytes and macrophages) [25] [26] [27] . DCs infiltrate inflamed tissue, take up and process antigen locally, and then activate MHC-restricted naïve T cells in draining lymph nodes [1, [27] [28] [29] [30] . In turn, autoreactive primed T cells co-stimulate DC activation particularly through CD40 ligand, reinforcing the autoimmune response that eventually leads to excessive autoantibody production and chronic inflammation associated with RA [2] . DCs are activated by the uptake of immunogenic antigen, pathogen and damage recognition ligands, a role played -at least in part -by fungal β-glucan signalling through dectin-1 in SKG mice [31] [32] [33] . Proinflammatory cytokines also activate DCs, although evidence is emerging that the gene activation programme is in this instance different from that activated by pathogen or lipopolysaccharide (LPS) [34] . Are DCs activated in RA, how does this come about, and how do highavidity autoreactive T cells respond? SKG, TS1×HACII mice and RA DCs and macrophages share a capacity for 'hyper-activation'. This activation is enhanced by strong positive feedback from post-activated memory T cells, by immune complex ligation of Fc receptors and by proinflammatory cytokines [9, 13] . DCs and macrophages from the synovial fluid of RA patients exhibit an unusual and persistent drive for LPS-induced nuclear factor-κB (NF-κB) activation ex vivo [35, 36] , apparently in the face of strong signals for exhaustion and counter-regulation that would normally halt activation [37, 38] . This hyper-activation contrasts with monocytes and DCs isolated from patients with type 1 diabetes, which we have shown shut down NF-κB in response to LPS [39] . Although it has only been technically feasible to examine peripheral blood DCs from patients with diabetes, when we compared peripheral blood DCs from RA patients we did not find a similar exhausted response to LPS in RA [39] . In a murine model, a Toll-like receptor (TLR)4-mediated signalling pathway blocked TLR ligand responsiveness and promoted an exhausted phenotype. In the absence of TLR4 signalling, DCs exposed to proinflammatory cytokines in vivo could be further activated ex vivo by other TLR ligands [34] . Although the mechanism distinguishing the responsiveness of RA and diabetes DCs to LPS is not yet clear, the implication is that DCs would present antigen more efficiently in the face of infection or other proinflammatory events in RA, whereas they would be less effective in response to the same stimuli in diabetes. DC hyperactivity appears to be characteristic of the pathogenesis of autoimmune arthritis in both RA and the described murine models.
MHC-peptide interactions with T cells in RA
Variation in the HLA-DRB1 gene of the MHC is more strongly associated with RA than variation in any other locus. The variation maps to the third hypervariable region of the DRβ-chain and is found in many different human leucocyte antigen (HLA)-DR molecules linked to RA [40] . The locus encodes a conserved susceptibility sequence -known as the 'shared epitope' -that is positively charged and forms the fourth anchoring pocket (P4) in the HLA-DR peptide binding groove [41] . Antibodies to citrullinated proteins (ACPAs) and RF are more likely in RA patients with the shared epitope and who smoke [42] [43] [44] . Thus, it has been proposed, in view of evidence that smoking promotes citrullination of self-proteins in the lung, that smoking promotes ACPAs in those with atrisk HLA genotypes [43] . We found that peripheral blood T cells from patients with RA susceptibility HLA-DR alleles and ACPAs proliferated poorly in response to specific shared epitope-associated citrullinated peptides, consistent with low signal capacity through the TCR. However, the T cells strongly induced proinflammatory cytokine secretion in response to these peptides as well as the native form of these epitopes. Surprisingly, these responses occurred at very low concentrations of peptide, suggestive of high-affinity anti-self-responses (Capini C and coworkers, unpublished data). We therefore propose that subsets of self-reactive T cells that interact with high-avidity with peptide-MHC may compensate for attenuated TCR signalling, which is consistent with our ex vivo observations that T cells from RA patients respond with high avidity to citrullinated and noncitrullinated self-antigens. Expression of CD70 by antigen-experienced T cells may be at least one mechanism by which antigen-specific responses may be augmented [45] .
This ongoing autoreactivity would result in the contraction of the T-cell repertoire and highly selective expansion of selfreactive T-cell clones.
Chronic inflammation and the tumour necrosis factor/nuclear factor-κ κB drive in rheumatoid arthritis
Based on human and animal data, what are the key factors that drive chronic inflammation in RA? Experiments in different animal arthritic models, including TNF transgenic mice, and IL-1 receptor antagonist knockout and p50 knockout mice, indicate that proinflammatory stimuli driving the expression of TNF, IL-1, or NF-κB p50 are sufficient to drive the development of autoimmune polyarthritis in susceptible strains [46] [47] [48] [49] . NF-κB stimulates the transcription of genes important for cellular responses to stress, injury and inflammation [50] , and thus NF-κB signalling simultaneously sustains synovial inflammation and promotes DC and monocyte activation and differentiation, resulting in priming of autoreactive lymphocytes. We and others have provided additional evidence that TNF and IL-1 directly enhance B-cell and T-cell autoreactivity through effects on regulatory T cells [51] [52] [53] . Nicotine, lactation, mineral oil exposure and EpsteinBarr virus (EBV) -environmental factors associated with RAall promote NF-κB activity, associated with TNF and IL-1 secretion by myeloid and stromal cells, and DC and B-cell activation [54] [55] [56] [57] .
On the other hand, combinations of disease-modifying antirheumatic drugs and biologic therapies that suppress the activity of NF-κB can induce RA remission [58, 59] . Thus, both human and murine evidence indicates that NF-κB activation is required to drive RA, and that factors that suppress this activity are disease suppressive [48, 60, 61] . TNF clearly plays a critical role in RA perpetuation, activating and being activated by NF-κB in a positive feedback loop.
Genetic and environmental provocation of strong activation of innate immunity and antigen presentation
There are links between RA and NF-κB driven genes of the innate immune response involved in pathogen recognition, proinflammatory cytokine production and modulation of the strength of cellular signalling in response to activation signals. RA-associated SNPs have been detected in complement-5-TRAF1, STAT 4 and in DCIR, another lectin receptor that is expressed on the surface of DCs [62] [63] [64] [65] . Identification of these SNPs has potential implications for the way in which we assess the impact of environmental RA risk factors -such as infection and tobacco smoke -in individuals genetically predisposed to RA. Apart from direct cellular effects, tissue damage caused by tobacco smoke or infection also provoke the release of endogenous pathogen recognition receptor ligands derived from host cellular debris (also known as damage-associated molecular patterns or DAMPs). These have been shown to function as auto-adjuvants, which both perpetuate and reinforce the inflammatory response and stimulate the APC function of DCs.
The role of viral pathogens in driving nuclear factor-κ κB EBV, which infects about 98% of the world's population, has the strongest viral association with RA [66, 67] . Almost all the arthritogenic viruses, including EBV, rubella, parvovirus B19, hepatitis B and C, HIV, HTLV1 and Ross River Fever, activate NF-κB in order to replicate, suggesting the possibility that arthritis develops as a side-effect of NF-κB activation. These viruses manipulate the NF-κB pathway to enhance their replication and host cell survival, while blocking apoptosis and immune recognition [68] . The EBV latent membrane protein-1 activates NF-κB through interaction with TNF receptor 1 and the TNF receptor 1-associated death domain. Activation bypasses the cytoplasmic TNF signalling pathway [68] . NF-κB activation by EBV allows it to evade the normal host responses and leads to a persistent low-grade B-cell infection. EBV DNA has been detected in synovial tissue from RA patients, using polymerase chain reaction, in situ hybridization and immunohistochemical staining [69] . EBV latent membrane protein-1 has also been demonstrated in RA synoviocytes and lymphocytes. The EBV Epstein-Barr nuclear antigen (EBNA)-1 protein also undergoes citrullination. Thus, EBV can induce antibodies to citrullinated peptides [70, 71] . The EBV capsid protein gp110 also contains the shared epitope sequence [72] . The evidence suggests there is a deficiency in viral control coincident with RA, which is consistent with a host immunodeficient state. In RA patients, there are increased numbers of EBV-infected B lymphocytes, higher specific antibody titres, and impaired EBV-specific cytotoxic T lymphocyte (CTL) activity, as compared with otherwise healthy EBV-infected individuals [73, 74] .
We propose that simultaneous NF-κB stimulation by viral infection and RA results in a 'mutually permissive' state, with viral infection promoting RA disease, and vice versa, through NF-κB. The key question is whether patients at risk for RA are also at greater risk for immune dysregulation during EBV infection. For us, the evidence is in favour. Hijacking of B lymphocyte cellular machinery by EBV promotes chronic dysregulated immune activation with increased NF-κB activity, and the propensity both for B-cell autoantibody secretion and lymphoma development [69] . Because EBV infection activates the NF-κB pathway in B lymphocytes, they are prone to apoptotic cell death in response to NF-κB inhibition during RA treatment [75] . Furthermore, in those predisposed to RA, EBV infection may persist through a state of relative immunodeficiency imposed by attenuated TCR signals, reducing the efficacy of EBV-specific CTLs. Functional CTLs are essential for effective control of EBV-associated lymphoproliferative disease in post-transplant settings [76] . This immune dysregulation associated with failure of normal T-cellmediated infection control in RA might explain how RA inflammatory disease can appear T-cell independent, as indicated by poor clinical responses to T-cell-depleting therapies. On the other hand, strategies such as CTLA4-Ig (CTL antigen 4-immunoglobulin), which specifically target a T-cell-dependent pathway, are effective because they probably confer desirable immuno-regulation on the multiple sites of T-cell action.
Synthesis: similarity and differences in pathogenesis of arthritis in SKG mice and RA Pathogenic T cells from both SKG and TS1×HACII mice and RA patients appear to share the following characteristics: a reduced capacity for TCR signalling; increased proportions of T cells with a post-activated differentiated memory phenotype; a reduced capacity for proliferation and IL-2 production, despite their capacity for IL-17 and IFN-γ secretion; enhanced B-cell help and a strong capacity for autoantibody production; and an enhanced response to self-antigens. Figure 1 depicts models of disease pathogenesis in SKG mice and RA patients, highlighting their similarities and some differences.
Clearly, in the SKG model it is easier to ascertain that low TCR signalling capacity underlies arthritis development. In RA, although we have argued that secondary TCR signalling deficiencies provide a positive feedback loop for inflammation, it will be of interest to determine whether similar TCR signalling deficiencies precede inflammatory disease, for instance whether they are evident in otherwise healthy individuals who are ACPA positive and at risk for RA. Further evidence could be obtained from patients achieving drug-free remission from chronic inflammation, such as after allogeneic stem cell transplantation. Although we have argued that infection plays a role in SKG mice and RA patients, the nature of this role appears to be different in each setting, with more direct inflammatory signalling of DCs in SKG mice. Indeed, we believe that if infectious or TLR-mediated damage signals are involved in driving DC and macrophage activation in RA, as appears to be the case in SKG mice, then the usual counter-regulatory response to TLR activation must be attenuated. The development of arthritis in TS1×HACII mice even in a microbiologically clean facility [13] indicates that infectious signals are not required to drive arthritis within the context of autoantigenic T cells with reduced TCR signalling capacity. We propose that arthritis in this model develops independent of a pathogen drive because of the very high precursor frequency of autoantigen-specific T cells. In contrast, the reduced frequency of T cells specific for arthritogenic autoantigen among the polyclonal T-cell repertoire in the SKG mice, or indeed in RA, is less likely to provide sufficient feedback to DCs to drive spontaneous inflammation.
In RA, we propose that infection is intimately associated with the HLA susceptibility locus. Shared epitope alleles are common in the Caucasian population but they are strongly associated with RA, along with the development of both RF and ACPAs, and with severe erosive clinical disease. Why does shared epitope-associated RA persist at a frequency of around 1% in the population? We propose that the HLA susceptibility illuminates a bigger picture than the unfortunate side effect of joint autoimmunity. The polymorphic HLA genes evolved as a result of selection pressure by infection, and the shared epitope alleles thus identify individuals with particular immunity to infection. Our hypothesis is that EBV infection sets up a particularly 'cosy' symbiotic relationship with hosts bearing HLA susceptibility alleles and primary TCR signalling deficiency. As a result of EBV infection, persistent presentation of viral antigens could impose pressure on the T-cell repertoire, contributing with self-antigen presentation to drive expansion of an activated memory population, which further acquires inflammation-associated TCR signalling defects.
This phenomenon may underlie the observed thymic and bone marrow stem cell deficiency, excessive production of CD28 null and other post-activated, terminally differentiated memory T cell phenotypes, hyper-activated DCs and B cells, and excess numbers of EBV-associated lymphomas and other tumours in RA patients [77] . Indeed, when synovial fluid T cells from RA patients were analyzed using EBV MHC class I tetramers, they were found to contain a high proportion of virus-specific T cells with an activated phenotype [78] . As might have been predicted, it was the differentiated CD8 + CD28 null T-cell population that could be isolated from RA patients after stimulation with immunodominant lytic peptide EBV epitopes [79] . It is likely that EBV is not the only infection to result in a mutually permissive state of autoreactivity in RA. Other examples include the increased probability of RF production in patients with chronic HCV or with ageing, because the T-cell repertoire is progressively populated with a higher proportion of post-activated memory T cells, creating a positive feedback loop as TCR signalling capacity decreases.
Conclusion
Although the SKG mouse model is by no means identical to human RA, it does mirror aspects of pathogenesis relating to gene-environment interactions that are involved in promoting autoimmune arthritis. This forces us to confront the paradox of how T cells with low TCR signalling capacity nevertheless interact with APCs and thus play initiating and continuing roles in the generation of autoimmune inflammation in RA patients. An improved understanding of the primary pathogenetic mechanisms of T cells in RA will probably have important implications for the design of effective and safe immunotherapies.
